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Sound-evoked responses of auditory cortical (AC) neurons are influenced by changes in the relevance or interpretation of acoustic stimuli (Weinberger 1993; Ohl et al. 2001; Fritz et al. 2003; Jaramillo and Zador 2011; David et al. 2012; Niwa et al. 2012) . Although contextual modulation of cortical activity has been widely observed, it is uncertain if the AC plays a causal role in mediating flexible interpretation of sounds. Here we test whether the AC is necessary for rapid adaptation in the interpretation of simple sounds. We use a behavioral paradigm in which rats are required to modify the action associated with a subset of sounds several times within a session to collect reward . Animals successfully perform this flexible categorization task and can switch from one contingency to the next in Ͻ15 trials . Here we report that after rats have been highly trained in this switching task, ablation of the AC does not impair the animals' ability to rapidly adjust to changing interpretations of sounds. In contrast, ablation of the auditory thalamus renders animals unable to perform the sound discrimination task and therefore unable to adapt to new contingencies. These results suggest that subcortical outputs of the sensory thalamus can mediate rapid adaptation in the interpretation of sounds.
METHODS
Animal subjects. A total of 14 adult male Long-Evans rats were used in our study. Two rats were used for anesthetized experiments. Other rats received either bilateral cortical lesions (n ϭ 3), pharmacological inactivation via chronically implanted cannulae (n ϭ 4), thalamic lesions (n ϭ 4), or sham thalamic lesions (n ϭ 1). Rats had free access to food, but water was restricted. Free water was provided on days with no experimental sessions. Animal procedures were carried out in accordance with National Institutes of Health standards and were approved by the Animal Care and Use Committee of Cold Spring Harbor Laboratory and the University of Oregon.
Behavioral task. Experiments were conducted in single-walled soundbooths (Industrial Acoustics). The behavioral paradigm is the same described in . Rats initiated each trial by poking their nose into the center port of a three-port chamber (Fig.  1A) . After a silent delay, a narrow-band sound was presented for 100 ms. Animals were required to stay in the center port until the end of the stimulus and then choose one of the two side ports for reward (24 ml of water) according to the frequency of the sound (low frequency: left port; high frequency: right port). Each session consisted of several blocks of 200 trials. The boundary that separated low-from highfrequency sounds was varied from block to block, taking one of two values: 4.6 or 10.6 kHz. As a result, the reward port associated with some sound frequencies (e.g., 7 kHz) changed from one block of trials to the next (Fig. 1B) . Transitions between blocks were not indicated by any additional cue. The initial contingency was alternated from one day to the next. Animals were initially trained to respond to three sound frequencies: 3, 7 and 16.3 kHz. To estimate psychometric performance, we presented stimuli at seven frequencies logarithmically spaced between 3 and 16.3 kHz in 10% of the trials within a session. Rats with medial geniculate body of the thalamus (MGB) lesions were also trained in a visual discrimination task. In this case, a flash of light (100 ms) from LEDs located in the side ports indicated the location of reward on each trial.
Acoustic stimuli. On each trial, we presented a chord composed of 16 simultaneous pure tones logarithmically spaced in the range f/1.2 to f ϫ 1.2 for a given center frequency f . The intensity of the sound was variable in the range 50 -70 dB-SPL during training to discourage the use of loudness to solve the task. Sounds were delivered through generic electromagnetic dynamic speakers (HP 5187-2105; Harman Kardon) located on each side of the chamber and calibrated using a freefield microphone (type 4939; Brüel & Kjaer) to produce 70 dB-SPL in the range of 1 to 40 kHz at the position of the subject. Waveforms were created in software at a sampling rate of 200,000 samples per second and delivered to speakers through a Lynx L22 sound card (Lynx Studio Technology).
Cortical lesions. The AC was ablated bilaterally by aspiration. Animals were anesthetized with an intraperitoneal injection of a mixture of ketamine (60 mg/kg) and medetomidine (0.5 mg/kg) and placed in a stereotactic apparatus. We performed a craniotomy above the AC on each side (from 2 to 8 mm posterior to bregma) and removed the cortical tissue with a Pasteur pipette attached to the vacuum outlet. Tissue was removed until the white matter or the surface of the hippocampus was visible. Gel foam was used to contain bleeding and to cover the ablated area. The skin was sutured, ketoprofen (5 mg/kg) was injected subcutaneously for pain relief, and animals were left to recover in their cage for at least 3 days before resuming water restriction. The first behavioral session after lesions included only the extreme frequencies (3 and 16.3 kHz). Animals performed Ͻ200 trials on this first session. Animals were required to perform the full task in subsequent sessions.
Tympanic membrane ablation. Rats were anesthetized under 3% isoflurane and the tympanic membrane of each ear was ablated with forceps through the ear canal. Animals were left to recover in the cage for at least 2 h before testing performance. Control sessions with anesthesia alone did not produce observable changes in performance.
Reversible inactivation of the AC. Rats were implanted with two stainless steel guide cannulae on each hemisphere (26 gauge; Plastics One), centered at 4.2 and 5.4 mm posterior from bregma, 6.4 mm lateral from the midline, and 1.5 mm deep from the surface of the brain. Animals were left to recover in their cage for at least 5 days before resuming water restriction. Each test day, the animal was anesthetized with 2% isoflurane, and 500 nl of the GABA-A receptor agonist muscimol (2 g/l; M1523; Sigma-Aldrich) or sterile saline (0.9% NaCl) were delivered at each of the four sites via removable cannulae (33 gauge). Muscimol and saline were alternated from day to day. Animals were tested 1 h after infusion. At this concentration, some animals showed impairment in locomotion 4 h after infusion but recovered by the next day. During muscimol inactivation or saline control sessions, only the three training sound frequencies were presented (3, 7, and 16.3 kHz). Average performance was estimated from eight sessions of muscimol inactivation and eight sessions of saline cont.
Electrophysiological recordings during muscimol inactivation. To evaluate the extent and dynamics of AC inactivation by muscimol, we recorded auditory-evoked potentials from anesthetized rats (isoflurane; 1.5%). Muscimol (2 g/l) or saline was delivered using the same cannula system as in awake experiments. An array of electrodes was inserted 300 -800 mm below the brain surface over the right AC to measure potentials evoked by noise clicks (10-ms long). Sounds were delivered every 500 -1,000 ms, and responses were calculated as the average over 300 presentations. Signals were collected using an RHD2000 System (Intan Technologies, Los Angeles, CA) and the Open Ephys acquisition software (www.open-ephys.org).
Thalamic lesions. Animals were anesthetized for stereotactic surgery as for cortical lesions. We performed craniotomies above the medial geniculate body of the thalamus on each side (5 to 6 mm posterior to bregma, 3.3 to 3.7 mm lateral from the midline) and made five electrode penetrations, one in each corner of the craniotomy and one in the center. In each penetration, we made lesions at three depths from the brain surface: 5, 6, and 7 mm. Electrolytic lesions were created by passing 1 mA (from a stimulus isolator A360 by WPI) for 10 s via a tungsten electrode, using the animal's tongue as ground. For pain relief and recovery we followed the same procedure as with cortical lesions. We verified that the acoustic startle reflex was still present after thalamic lesions.
Estimation of lesion coverage. Tissue damage was estimated from transmitted light images of brain slices (100-m thick). DAPI fluorescent staining (comparable to traditional Nissl stain) was used in a subset of slices to verify that estimated borders matched a change in cell density. The extent of the lesion was marked digitally on unlabeled images of the rat brain atlas (Paxinos and Watson 2005) , using the GNU Image Manipulation Program (GIMP). This process was done without knowledge of the behavioral performance of each animal. Independently, the borders of brain areas of interest (A1, AC, MGB, hippocampus, inferior colliculus, etc.) were estimated from the atlas. The fraction of ablated tissue for each brain area was calculated as the number of pixels marked as lesioned within this brain area, over the total number of pixels for that area.
Analysis of behavior. Behavioral performance in the auditory task was estimated from eight sessions before lesions and eight sessions after lesions for each animal. For AC lesions, one additional session was analyzed after removal of the tympanic membrane. Animals with MGB lesions were also tested in a visual task. The first two sessions of learning this new task were excluded from the calculation of average performance (see Fig. 4F ) but are shown for one rat (see Fig.  4C ). Animals performed clearly above chance level after these initial sessions. Response times were calculated as the time from the sound onset to the time animals left the center port. Only trials in which animals waited until the end of the sound were included in this A: rats initiated each trial by poking their nose into the center port of a 3-port chamber. A narrow-band sound was presented for 100 ms and rats had to choose a reward port according to the frequency of the sound: left port for low-frequency sounds and right port for high-frequency sounds. The boundary that separated these 2 categories of sounds changed every 200 trials. B: psychometric performance for 1 rat under 2 categorization contingencies. The reward port associated with a 7-kHz sound changed between contingencies. Error bars indicate 95% confidence intervals.
analysis. In our task, this measurement of response time is affected not only by the ability to detect sounds and the speed of response execution but also by the expectation of the animal about the duration of the sound. Switching speed in the auditory task was calculated as the number of trials an animal needed to cross the 50% choice level for 7-kHz stimuli after a change in contingency . For estimates of performance levels, the first 50 trials of each block were excluded from the analysis to avoid conflating transient and asymptotic performance. Psychometric curves were fit with a logistic function using the Python module Psignifit 3.0 (Fründ et al. 2011 ). Because our main focus is on the ability to adapt to new sound-action associations, average performance before and after lesions is reported as the overall performance in response to the 7-kHz sound, which changes meaning across blocks of trials. The quantities plotted were estimated using all blocks of each session. For sessions with an odd number of blocks, this method may yield biased estimates when the animal always chooses one reward port. Calculations of average performance using only the first two blocks of a session, or the second and third blocks, yielded similar results to estimates using all trials. Confidence intervals for plots of performance were estimated from the binomial distribution (correct vs. incorrect) over all trials of a particular condition for a given animal (e.g., 7 kHz from all prelesion sessions) using the approximation by Clopper and Pearson (Johnson et al. 2005 , section 3.8.3).
RESULTS
The main goal of our study was to test whether the AC is necessary for rapid adaptation in the interpretation of sounds. To test this hypothesis, we used an acoustic categorization task for rats in which the boundary that separated low-from high-frequency sounds varied several times within a behavioral session (Fig. 1) .
AC ablations minimally impaired adaptive categorization. First, we evaluated the psychometric performance of three rats during this task before and after extensive bilateral lesions of the AC (Fig. 2) . We found that the ability to discriminate sound frequencies was slightly affected after the lesions: psychometric slopes changed from an average of 154%/octave to 103%/ octave (P ϭ 0.028, Wilcoxon sign-rank test). Notably, however, animals were able to successfully switch between categorization contingencies after the lesions. Every animal showed a clear change in subjective categorization boundaries from one contingency to the next: 0.41 octaves (SD ϭ 0.11) across animals after AC ablation (Fig. 2, A-C) . A decrease in performance in response to the middle frequency sound (7 kHz) was observed for two of the rats (P Ͻ 0.001, P ϭ 0.23, and P Ͻ 0.001, respectively; Fisher's exact test), as shown in Fig. 2 , H, J, and L. However, the action associated with the middle frequency was reversed appropriately by each animal, resulting in performance above chance level for all conditions (P Ͻ 0.001, binomial test, for each animal on each contingency). Response times were also unaffected. The median time from sound onset to withdrawal from the center port was 161 ms (SD ϭ 5) before the lesions, and 157 ms (SD ϭ 2) after the lesions, across animals. We observed no systematic change in the trials needed to switch from one contingency to another after the lesions. On average, animals took 8.7 trials (SD ϭ 5.4) trials to switch before the lesion, compared with 7.3 trials (SD ϭ 1.7) after the lesion (estimated as the number of trials to cross the 50% choice level for the stimulus at 7 kHz). Our estimates of the extent of lesions (Fig. 2, G, I , and K), with respect to areas defined by the rat brain atlas (Paxinos and Watson 2005) , indicated that Ͼ96% of the primary AC was ablated in each animal (98.9, 99.3, and 96.7% for rats in Fig.  2 ). Lesions also covered most of the secondary auditory areas (96, 97.2, and 83.3%). Estimates using a different definition of primary AC from electrophysiological recordings (Polley et al. 2007 ) yielded similar results (98.8, 99.3, and 99.6%) . To test whether animals were solving the task by using nonauditory cues, we evaluated performance after bilateral removal of the tympanic membrane. Animals were largely impaired by damage to the ear (Fig. 2, H, J, and L) , resulting in performance levels close to chance (P Ͼ 0.67, binomial test, for each animal).
Reversible inactivation of AC minimally affected adaptive categorization. High performance levels after cortical lesions may be due to partial healing of the neural tissue after the recovery period. To evaluate this possibility, we quantified the performance of four additional rats during bilateral reversible inactivation of the AC with the GABA-A receptor agonist muscimol (Fig. 3) . To achieve extensive coverage of the AC, we implanted two cannulae on each hemisphere. We verified that muscimol application through cannulae effectively inactivated the AC by measuring evoked potentials under anesthesia (Fig. 3B) . We found that sound evoked potentials were largely reduced 30 min after muscimol infusion and remained low for Ͼ90 min. This effect spread at least 2.6 mm in the anteriorposterior direction, indicating that our method was sufficient to extensively inactivate the AC. In contrast, signals were minimally affected after application of saline (Fig. 3C) . Effects on performance for 3-, 7-, and 16.3-kHz sounds were comparable to those of lesions. Consistent with nonreversible lesions, reversible inactivation of the AC did not preclude animals from performing the flexible categorization task, as illustrated by the fraction of correct trials in response to 7 kHz averaged across contingencies (Fig. 3D) . Similar to the ablation experiments, muscimol inactivation resulted in a small reduction in performance in response to the 7-kHz sound for each rat (6% on average, P Ͻ 0.01 for each rat, Fisher's exact test). A slightly larger decrease in performance was observed for the other sounds frequencies (3 and 16 kHz) during inactivation (6% change) compared with lesions (3% change). During the muscimol sessions, animals performed the same or more trials per hour, 564 (SD ϭ 107) for muscimol compared with 493 (SD ϭ 65) for saline (averages across animals), suggesting that effects on performance were not simply due to muscimol spread over regions that may affect motor control.
An analysis of the population of animals with nonfunctional AC circuits (7 rats total, including ablation and reversible inactivation) demonstrates a slight but significant decrease in discrimination performance. For instance, performance in response to 7 kHz (averaged across both contingencies) changed from 79% (SD ϭ 4.5) to 74% (SD ϭ 4.5) correct trials across animals (P ϭ 0.018, Wilcoxon sign-rank test). Altogether, these results indicate that although neural activity from AC circuits help improve discrimination performance, these circuits are not necessary for rapid adaptation in the interpretation of simple sounds. 
Ablation of the auditory thalamus greatly impaired categorization performance.
To identify stages of the ascending auditory pathway necessary for the flexible categorization task, we quantified the performance of four additional rats after electrolytic lesions of the auditory thalamus, the main auditory input to the cortex. Lesions targeting the MGB resulted in major impairments in performance (Fig. 4) . After these lesions, animals resorted to guessing or to choosing only one reward port (Fig. 4B) . Median response times (from sound onset to withdrawal from the center port) changed from 151 ms (SD ϭ 10) to 179 ms (SD ϭ 22) (P Ͻ 0.001 for 3 rats, P ϭ 0.36 for 1 rat, Wilcoxon rank-sum test). Animals with lesions covering the majority of the MGB bilaterally (n ϭ 3) showed a significant change in psychometric slope, from 121%/octave to 10%/octave on average (P ϭ 0.028, Wilcoxon sign-rank test). Overall performance across sessions changed from 86% (SD ϭ 2) to 53% (SD ϭ 3) correct trials (P Ͻ 0.001 for each animal, Fisher's exact test). Because of this impairment in sound discrimination, animals were unable to adapt to new meanings of a stimulus, as required for example for 7 kHz sounds (Fig.  4D ). For one animal (rat 11), lesions only covered the right MGB. The effect in this case was a moderate change in average performance (from 86 to 70%, P Ͻ 0.001, Fisher's exact test) and a bias towards right choices: trials with the highest frequency resulted in Ͼ94% right choices, but trials with the lowest frequency in only 63% left choices. In addition, we measured the performance of one animal with sham lesions (same surgical procedure, but no current passed through the electrode), to verify that impairments in behavior were due to the ablation of neural tissue and not to other effects of the surgical procedure (Fig. 4E) . Performance was not affected by the sham procedure (P ϭ 0.35, Fisher's exact test).
To test whether MGB lesions affected other abilities required to perform the task besides hearing, we trained animals (after the lesions) to perform a visual version of the discrimination task. The visual task required the same movements for trial initiation, choice, and reward collection as the auditory task. Animals learned the visual task in a few sessions and achieved high performance levels (Fig. 4C) . Performance of the auditory task remained impaired after learning the visual task. All animals with MGB lesions were able to perform the visual task (Fig. 4F) , achieving an average of 80% (SD ϭ 13) correct trials across animals (P Ͻ 0.001 for each animal, binomial test). For each rat, performance after lesions was better in the visual task than in the auditory task (P Ͻ 0.001, Fisher's exact test).
Last, we estimated the extent of ablated tissue for each animal and correlated this quantity to the magnitude of the effect in performance (Fig. 4G ). We found a significant correlation between impairments in performance and the extent of MGB lesioned (r ϭ 0.98, P Ͻ 0.001, Pearson's correlation). Some lesions extended beyond the intended targets (the auditory thalamus or the AC). For example, for animals with bilateral MGB lesions [63% (SD ϭ 1) of MGB ablated], ϳ14% (SD ϭ 5) of the hippocampi and 1% (SD ϭ 1) of the inferior colliculi were damaged. Nevertheless, among the areas . Some lesions covered portions of the hippocampus. B: psychometric performance on each contingency for 1 rat, before and after bilateral lesions of the auditory thalamus. Discrimination performance was greatly affected. C: average performance on each session for one rat, before the lesion (solid), after the lesion (open), and during a visual task postlesion (gray). Note the high performance during the visual task. The last session shows that performance in the auditory task remained impaired. D: overall performance in response to the 7 kHz sound for 4 rats with thalamic lesions (pre: 8 n trials ϭ 1,425, 1,084, 1,129, and 1,685; post: 8 sessions, n trials ϭ 1,715, 1,461, 1,300, and 1,530). Performance was reduced to chance level for all animals, except for one with a unilateral lesion. *Performance above chance level (P Ͻ 0.001); ns, not significantly different from chance. E: sham lesion (electrode insertion, but no current) produced no changes in performance. F: all animals performed the visual task above chance level after the lesion, and performance was always higher than in the auditory task. G: change in performance on the auditory task after lesions was correlated with the extent of medial geniculate body of the thalamus (MGB) ablated and includes rats with AC lesions, MG lesions, and sham lesions. In A-F, error bars indicate 95% confidence intervals.
affected, the volume of MGB covered was the best predictor of impairment in performance.
DISCUSSION
Our results demonstrate that inactivation of the AC of rats reduces performance in a sound-frequency categorization task, yet it does not abolish the ability to switch between previously learned interpretations of acoustic stimuli. Our experiments suggest that subcortical auditory circuits, via the thalamus, can mediate rapid adaptation to changes in the meaning of simple sounds.
Correlations between sound-evoked responses of cortical neurons and the behavioral (or cognitive) state of the subject have been observed in a variety of tasks (Weinberger 1993; Ohl et al. 2001; Fritz et al. 2003; Russ et al. 2007; Jaramillo and Zador 2011; David et al. 2012; Niwa et al. 2012) . However, it has not been established to what extent these behaviors require the AC. In some species, an intact AC is not necessary for a wide range of sound-driven behaviors (Heffner 2005) . For example, simple reflexes such as the acoustic startle response can be mediated by circuits in the brainstem (Davis et al. 1982) . Similarly, some types of learning, such as fear conditioning to sounds, can occur via thalamo-amygdalar projections without the need of the AC (Romanski and LeDoux 1992a,b) .
Effects of AC ablation. The effects of AC ablation on the processing of sounds have not been fully resolved, and impairments seem to be species-dependent (Heffner 2005) . Bilateral lesions restricted to the AC are rare in humans. The few reported cases indicate that these events produce severe impairments in speech comprehension and oftentimes significant hearing loss even when peripheral physiology remains intact (for reviews see Graham et al. 1980; Heffner and Heffner 1986) . Varying degrees of partial recovery have been reported in these cases. As presented below, it is unclear to what extent animal models recapitulate the initial effects and long recovery periods observed after AC lesions in humans. Early experiments suggested that macaques could perform sound frequency discrimination as early as 10 days after bilateral lesions (Evarts 1952) . However, later detailed quantification of hearing performance in this species demonstrated a significant hearing loss after the lesions Heffner 1986, 1990) . Follow up studies showed that macaques recovered the ability to detect and discriminate sounds that differ in frequency several weeks after the procedure, although they remained unable to determine if a sound was changing in frequency when tested up to 3 yr after bilateral ablation of the AC (Harrington et al. 2001) . Experiments with other species, including gerbils (Ohl et al. 1999) , cats (Goldberg and Neff 1961; Cranford 1979) , opposums (Ravizza and Masterton 1972) , and ferrets (Kavanagh and Kelly 1987) , showed only minimal effects in sound detection or frequency discrimination when tested 2-3 wk after ablations, although major impairments were found in sound localization and the discrimination of frequency-modulated sounds. Notably, even if some of these species experience significant hearing loss after cortical ablations, they retained the ability to perform sound-driven behaviors at the intensities tested (60 -70 dB-SPL). Rats with bilateral AC lesions respond appropriately to previously conditioned auditory stimuli (Romanski and LeDoux 1992b; Campeau and Davis 1995) . In addition, rats tested Ͻ2 wk after bilateral ablation of the AC generally show minimal impairments in their ability to discriminate sound frequency (Rybalko et al. 2006; Porter et al. 2011) , although moderate impairments have been found in some animals (Pai et al. 2011) . In contrast, cortical ablations in rats reliably produce impairments in the detection of brief gaps in noise (Ison et al. 1991; Syka et al. 2002) and amplitude modulations above 100 Hz (Cooke et al. 2007) , as well as impairments in the discrimination of (multiformant) vowel-like sounds (Kudoh et al. 2006 ) and speech onset sounds (Porter et al. 2011) . Adult rats tested 60 days after bilateral ablation of the AC could learn a sound detection task at the same rate as controls, but they could not learn a pattern discrimination task (Wakita 1996) . Our results are consistent with these previous studies, as only a minor impairment in sound frequency discrimination was observed after bilateral AC lesions. Albeit small, a decrease in performance was apparent in most animals, suggesting that the AC provides information relevant for associating sounds to actions in our task (playing a role as a parallel pathway or the source of a modulatory signal), even though this brain area does not seem to be required for successful switching between contingencies. Together, these studies suggest that the AC of rats (and many other species) is not necessary for the detection and discrimination of constantfrequency sounds and that other circuits that can mediate these tasks are available to take over after cortical ablations.
Our estimates of the extent of cortical lesions relied on coordinates of the AC from a brain atlas (Paxinos and Watson 2005) and coordinates of sound responsive regions from electrophysiological experiments (Polley et al. 2007 ). It remains possible that some cortical regions that receive projections from the auditory thalamus (Kimura et al. 2003) were not covered by our lesions. Nonetheless, our ablations seem to have covered a vast majority of AC areas, even when taking into account this possibility.
Effects of reversible inactivation of AC. Even if circuits outside the AC can take over after cortical ablations, signals from the AC may still be used in the detection and discrimination of simple sounds when this area is intact. Reversible inactivation experiments provide a way to evaluate this hypothesis by measuring effects on performance before circuits have time to reorganize. In cats, reversible inactivation using cooling confirmed the necessity of AC areas for sound localization and demonstrated that these effects were not due to deafness (Malhotra and Lomber 2007) . Additional experiments from this group helped dissociate AC areas involved in either sound localization or the discrimination of rapidly changing sound patterns (Lomber and Malhotra 2008) . In rats, KCl inactivation of the AC affected the ability to detect brief gaps (Ͻ15 ms) in noise, without affecting the detection of longer gaps (Ison et al. 1991; Threlkeld et al. 2008) . Muscimol inactivation confirmed a significant increase in gap-detection thresholds (Rybalko et al. 2010 ) and yielded decreased performance in the discrimination of a frequency-modulated sound immersed in a train of pure tones of different frequencies (Jaramillo and Zador 2011) . These studies also demonstrated that rats retained the ability to perform basic sound-driven behaviors, such as the detection of sounds or gaps longer than 50 ms, after bilateral muscimol inactivation of the AC. Similarly, our study found only a minor (but consistent) impairment in sound discrimination after muscimol inactivation, and the ability to switch between previously learned sound-action associations remained intact. In contrast to these observations, a different muscimol inactivation study in rats (Talwar et al. 2001) found major impairments in reporting the occurrence of a 9.6-or 8.4-kHz tone immersed in a train of 8-kHz tones. This study also found that tone detection was absent 2 h after muscimol application (estimated from the pricking of the pinna, cessation of ongoing movement, or rate of movements towards the response hole), as well as a diminished acoustic startle response. Because it is challenging to quantify the exact spread of muscimol, a possibility remains that areas beyond the AC were affected a few hours after infusion. In our study, for example, we noticed impairments in locomotion for some animals 4 h after infusion. However, Talwar et al. (2001) found that recovery of sound detection appeared first for high intensities, and that fine frequency discrimination took longer to recover than coarse discrimination, suggesting that the decreased performance cannot be fully attributed to motor deficits. The reasons for observing drastically different results across muscimol inactivation studies remain unclear, but a few methodological differences may partly explain these discrepancies. For instance, our study used a self-initiated behavioral paradigm, which ensured the engagement of the animal in the task. Others have used go/no-go paradigms, in which the animals' engagement is harder to assess from hit rates and false alarms. Regarding the length of training, animals in our study were overtrained in the frequency discrimination task, and the neuronal pathways involved may differ from those used by animals with less training. In addition, our task required associating sounds with distinct reward locations, a behavior that may recruit additional circuits to those involved in go/no-go tasks. There was, however, no spatial component for sounds in our study (only for reward locations); thus sound localization ability should not play a role in our task. Lastly, our experiments used chords as stimuli, which likely activate larger populations of cells in the AC compared with pure-tone stimuli. However, stimuli in our task were not modulated in frequency, so the mechanisms for solving the discrimination task are expected to be similar to pure-tone tasks. The main goal of our study was to test if the ability to switch between previously learned sound-action associations was still present after cortical inactivation. We hypothesized that even if animals could retain the ability to process some sounds after cortical inactivations, the AC was required for more demanding cognitive processes such as rapidly changing the interpretation of sounds. Although the magnitude of impairments in auditory processing after cortical inactivation does not seem to be fully resolved, our results suggest that largely disrupting the activity of AC neurons yields only minor effects in the ability to switch between previously learned sound-action associations.
Lesions of the auditory thalamus did not allow for recovery of performance for the duration of our study, suggesting that formation of new circuits or healing is not always possible at this time scale. Moreover, reversible cortical inactivation produced similar effects to cortical ablation, which suggests that other brain areas (besides or in addition to the AC) mediate the associations between sounds and actions in our task. Because the dynamics of muscimol inactivation (onset in minutes and duration of a few hours) may still allow for reorganization of circuits that could mediate unimpaired performance, further experiments using techniques with higher temporal resolution (such as optogenetic manipulations) may be necessary to rule out this possibility.
The role of AC in adaptive categorization. Our study focused on the ability to switch between previously learned associations, and our animals were highly trained in the switching task before being tested with lesions or reversible inactivation. Therefore, our results do not provide information regarding the role of the AC in learning the soundaction associations for the first time. It cannot be ruled out that the AC is necessary for establishing the initial associations. Similarly, our experiments do not dissociate between possible neural mechanisms used by the nervous system to solve the task. One possibility is that the appropriate action associated with a stimulus is stored in working memory and top-down mechanisms inform the sensori-motor pathway about the correct association. Alternatively, switching associations may rely on changes in synapses between neurons that represent sound information and neurons that drive actions. Regardless of the mechanism in use, the animals' behavior is consistent with decisions based on a comparison between stimuli and a subjective categorization boundary that shifts between contingencies . The animals' psychometric curves (Fig. 1, A-C) support this model, showing that switching from one contingency to another produces changes in performance not only for 7 kHz, but also for other frequencies (e.g., 5 and 12 kHz).
The role of subcortical circuits in adaptive behaviors. What circuits in the ascending auditory pathway are necessary for flexible behaviors such as the task described here? Our results indicate that the auditory thalamus is required for discrimination of sound frequency in our task. The auditory thalamus is composed of several nuclei, each with a different neuronal projection pattern. These distinct outputs provide at least two parallel pathways that can, independently, mediate associative learning in the context of fear conditioning (Romanski and LeDoux 1992a) . Because of the extent of the lesions in our study, our results cannot clearly distinguish the contribution of each of these nuclei in our task, and future experiments with more focused lesions are required to identify which thalamic outputs are involved. The present study also provides little information regarding the role of thalamic circuits in adaptation, as this process could occur at the thalamic site or at subsequent stages. Previous work demonstrated that only a minor fraction of cells in the thalamus is modulated by the meaning of sounds in this task , supporting the idea that the locus of flexibility, the circuit that selects appropriate behavioral responses to a stimulus depending on context, is downstream from the thalamic cells. This is reminiscent of the pathways hypothesized to mediate fear conditioning to simple sounds. In such conditioned behaviors, synapses between the medial division of the auditory thalamus (MGm) and the lateral amygdala appear to be the main site of plasticity (albeit not the only one) responsible for associating sounds to fear responses (Blair et al. 2001; Nabavi et al. 2014; Weinberger 2011) . The amygdala, however, does not seem to play a critical role in associations between stimuli and actions to obtain reward (Baxter and Murray 2002) . Instead, other thalamic targets such as the basal ganglia, which have been implicated in reward-related learning (Wickens et al. 2003) , may provide the mechanisms necessary to mediate the rapid adaptation illustrated in our study.
